• Context The correlation between tree ring width and density and short-term climate fluctuations may be a useful tool for predicting response of wood formation process to longterm climate change.
Introduction
The paper attempts to answer certain questions important for our understanding of how trees respond to the climate in which they grow. In temperate climates, there is a strong variation in photoperiod, temperature and balance between water demand and availability, during any given year and between different years. This variability is reflected in wood characteristics, and consequently, most of the variation in wood properties resides within and between growth rings (Ivković and Rozenberg 2004; Downes et al. 2009; Guller et al. 2012) . Studies of wood are important to knowledge of tree plasticity and adaptation to climate because tree rings provide a retrospective record of the environmental influences on wood formation process (e.g. Martinez-Meier et al. 2009 ).
The record of wood response to short-term climate changes (e.g. wood density profile) can be used to predict the future response of wood to long-term climate fluctuations caused by climate change (Chen et al. 2010; McLane et al. 2011) . Although the response may be different for different climate regimes, planting sites or sets of genotypes, such response is highly indicative of changes in wood structure due to temporal changes in climate conditions Handling Editor: Gilbert Aussenac Contribution of co-authors Dr. Gapare contributed data and ideas, and reviewed the final manuscript. Dr Wu organised the sampling of field trials, contributed data and reviewed the final manuscript. Mr Espinoza contributed ideas and commented on methodology and earlier drafts of the manuscript. Dr Rozenberg contributed to data analyses (R functions) and ideas that initiated this work.
(e.g. Fritts 1976 ). Knowledge of pedigree of trees improves significantly the predictive power of statistical models of the response (Rozenberg et al. 2001) .
For radiata pine (Pinus radiata D. Don.) grown in southern Australia, climate variables such temperature and rainfall vary significantly from 1 year to another causing differences in growth and wood density over years (CSIRO 2001; Li and Wu 2005) . If an interaction of genotypes (i.e. half-or full-sib families) with climate variables during certain years is detected, that may have implications for interactions with future climate change. For example, a genotype that does not respond favourably to drought periods may be eliminated from the breeding programme (e.g. Martinez-Meier et al. 2008) .
However, in juvenile radiata pine trees (in first 8 to 13 rings), there is a strong trend in ring width and wood properties from corewood to outerwood, which is related to cambial age (e.g. Gapare et al. 2006 Gapare et al. , 2012 . Progeny trials usually consist of young trees, and for information from such trials to be useful in studies of climate effects and genotype by climate interaction, the effect of cambial age needs to be removed. Using dendro-chronological terminology, the data need to be standardised prior to further analyses (Fritts 1976) . One the other hand, if dealing with adult (e.g. >15 years) trees, transition to outer (or mature) wood zone could be determined so that the analyses can be done on the rings in the outerwood zone, where the effect of cambial age is diminished (Gapare et al. 2006; Guller et al. 2012 ).
Objectives
This study investigated primarily genotype-by-cambial age and genotype-by-calendar year interaction for wood properties. This paper attempts to provide answers to the following questions:
1. Are there significant interactions between genetic and cambial age effects on ring width and/or ring density? 2. What climate variables significantly affect ring width and wood density, two traits which are determining productivity and wood quality of radiata pine? 3. Is there a genotype-by-calendar year interaction for ring width and wood density, and what climate variables cause the interaction? 4. Can we draw some conclusions in terms of tree productivity and wood quality, based on the effects of year to year climate fluctuations, which would have implications for genetic selection in face of climate change?
Materials and methodology
To study genotype-by-cambial age and genotype-bycalendar year interactions for ring width and wood density, we compiled data obtained from breast height wood samples from four progeny trials.
Trials at rotation age
Two progeny trials were sampled at rotation age (i.e. age >27 years) in two major Australian radiata pine production regions. The trial in Gippsland, Victoria (PT1) was harvested in 2000 at age 31 years after planting, and the trial in Green Triangle, South Australia (PT2) was harvested in 1998 at age 27 years after planting. A total of 1,097 breast height (1.3 m) cross-section disks collected at the two sites were used for the analyses. The two trials shared the same 30 open-pollinated families, and on average 36.5 trees were sampled per family. Only trees that were not suppressed (i.e. dominant and codominant) were selected for sampling. Further details of location, soil type and climate for the two trials are given in Table 1 and in Li and Wu (2005) and Gapare et al. (2006) .
Trials at mid-rotation
Two 16-year-old progeny trials PT 3 and PT4 were sampled in the Gippsland region, Victoria. They comprised families from seven sets of 6×6 half diallels. At PT3 site, wood disks at breast height were collected from 100 full-sib families involving 42 parents with an average of four crosses per parent (of which 13 were controls). At PT4 site, 52 full-sib families involving 31 parents with an average of three crosses per parent were sampled. There were differences in previous land use between the two sites: ex-pasture sites are usually more fertile than second rotation sites. Further details of trial characteristics are given in the Table 1 and Gapare et al. (2006) .
Sample preparation and wood density measurement
Two radial strips from each disk were cut using a twin-blade circular saw, one strip from south of the pith and the second from north of the pith. The strips were approximately 10-12 mm wide on the transverse surface and 2.2 mm thick. The strips were extracted with laboratory-grade acetone, and gravimetric density was measured using the water displacement method before X-ray scanning. The samples were scanned indirectly (i.e. X-ray film scanning), to determine the basic wood density (oven-dry weight/saturated volume in grams per cubic centimetre) for each ring from pith to bark. Correlation between density obtained from X-rayed subsamples with density determined by direct scanning densitometry by SilviScan® (Evans and Ilic 2001) was high (R 2 =0.94). Annual growth ring width (RW), density (RD), latewood density (LWD) and earlywood density (EWD) were measured on an X-ray film using the WinDendro measurement software (Regent Instruments Inc. 2001) . A total of 28 annual rings were analysed on disks from the PT1, 26 rings were analysed for the PT2 and 16 rings were analysed for both PT3 and PT4. The first and last annual rings of each sample were rejected because they were incomplete. For each annual ring, earlywood and latewood boundary was delineated, using the 50 % difference between maximum and minimum ring density as threshold.
Climate data
The trials PT1, PT2 and PT3 in Gippsland, Victoria had temperate climate, while trial PT2 in the Green Triangle region, South Australia had Mediterranean climate type. The weather station in closest to the progeny trials PT1, PT3 and PT4 was in Callignee North (latitude 38.3°S, longitude 146.6°E and elevation 184 m), with observations of rainfall and temperature. Weather stations closest to the progeny trial PT2 were: Tantanoola (latitude 37.7°S, longitude 140.5°E and elevation 25 m), with observations for rainfall, and at Mt. Gambier Airport (latitude 37.7°S, longitude 140.8°E and elevation 63 m), with observations for temperature. The climate variables obtained included rainfall and temperature. The averages were calculated as annual, growing season (September to March) and summer (December to February). The variables were: rainfall annual, growing season and summer; mean temperature annual, growing season and in summer, maximum temperature summer and the De Martonne's (1926) moisture index (i.e. total rainfall/(mean temperature+10)) (DMI). An advantage of DMI was that it was simple to compute for either whole year, growing season or summer periods (Table 2) .
Statistical analyses
A mixed linear model was fitted to tree ring variables (i.e., RW, RD, LWD and EWD) in order to determine which factors (i.e. cambial age, year, family, family by cambial age and family by year) explain most of their annual variability. The model had the following terms:
where Y ijkl is the observed response for cambial age i, in year k, in family j and tree l; CA i is the fixed effect of cambial age i; spl(CA i ) is the random cambial age trend approximated by a cubic spline (Apiolaza and Garrick 2001; Apiolaza 2009; Butler et al. 2009 ); F j is the random family effect; Y k is the random effect of year (i.e. calendar year) or the non-smooth variation over time; × is denoting an interaction between two terms; and e (ijk)l is the unexplained residual variation.
Of primary interest was the interaction Y×F between year and family effects. The effect of cambial age random regression spl(CA) was included not only to remove the age trend from the effect of primary interest, but also to find out whether the cambial age trend varies among families. Genetic differences were evaluated by testing whether the interaction term spl(CA×F) significantly improves the model by performing likelihood ratio tests.
The cubic spline is a flexible, smooth curve that can be used for removing trends with no mathematical assumptions on the shape of the trend (Harrell 2001) . The implementation of cubic smoothing splines in ASReml-R is based on the mixed model formulation of Verbyla et al. (1999) . The 2nd PR second rotation of radiata pine crop flexibility of the curve determines how well it fits the data and is controlled by the number of knots n (t 1 , …,t n ). The parsimony of the model or balance between the fit and the number of parameters (i.e. knots) was examined by using the AIC statistic (ASReml-R 3.0, Butler et al. 2009 ). For RD, at least six knots, i.e., equally distributed percentiles of the cambial age, were used and for RW eight knots at percentiles of the cambial age were used. This cubic spline modelled the cambial age trend:
where CA 1 =CA the vector of cambial ages, and for knots m=1, …,n−2,
is the mth (m=2, …, n−1) component of the cubic spline and the segmenting symbol (u) + =u, u>0 otherwise (u) + =0, u≤0 (Harrell 2001 ).
Correlations with climate variables
There was up to 4 years range in maximum cambial age (at breast height) for a given calendar year, even though the age from seed was the same for all trees. Using cambial instead of tree age made possible to analyse the effect of cambial age independently from that of calendar year. The above statistical model was used to extract the random year effects (i.e. non-smooth variation at overall mean and family levels), in order to study correlation of wood variables with climatic variables. In other words, the series were de-trended by fitting cubic spline curves and then correlated with climate variables. The correlation of calendar year effects with selected climatic variables for current and previous years was then explored using R 2.14 software (R Core Team 2012).
Repeated measurement analyses
In two trials at rotation age PT1 and PT2, the above smoothing spline model was also used to determine the transition from corewood to outerwood, where the effect of cambial age was diminished. Repeated measurement analyses were then used to evaluate differences in RW, RD, LWD and EWD among families and family by year interaction. Family by year interaction effect was obtained from analyses of repeated measures on each experimental unit (i.e. tree), in adult rings for which cambial age effect was not significant (cambial age >15 years). Within-tree errors were considered auto-correlated because the values for adjacent rings tend to be more correlated than in rings several years apart (Apiolaza 2009 ). This is mainly because physiological processes within a tree create a lag in response to climate, and also because climate anomalies tend to persist from 1 year to the next (e.g. Fritts 1976 ). The package ASReml-R 3.0 (Butler et al. 2009 ) provides different structures for within tree variance-covariance matrices, but the most appropriate one, with the property of 1971 -1999 1972 -1997 1987 -2001 and 1987-2002 PT1  832  390  156  14  16  19  22  25  30  22  PT2  786  270  96  14  16  18  22  24  33  21  PT3 and PT4 845  414  171  14  16  19  21  24  32 st.dev standard deviation, RW ring width, RD ring relative density, LWD latewood density, EWD earlywood density correlation being larger for nearby rings than for those far apart, is first-order auto-regressive AR1 (Littell et al. 1996) . The Y×F interaction was explored by calculating the average number of rank changes for families over years by using software R 2.14 (R Core Team 2012).
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Results
The basic statistics for P. radiata ring width and wood density at four sites are given in Table 3 . Profiles of average RW, RD, LWD and EWD over cambial age at four sites are Fig. 1 Profiles of ring width (RW), relative ring density (RD) and latewood (LWD) and earlywood (EWD) density development over cambial ages in four progeny trials presented in Fig. 1 . After an initial increase in RW, a strong decrease was evident regardless of site, but the rate of decrease differed between sites. In PT1 and PT2, contrasting patterns were observed for RD and EWD, vs. LWD. The increase over cambial age of RD and EWD was slower and took longer (>15 years) to stabilise, while LWD increased sharply during the first 5-7 years and then stabilised. The ex-pasture site PT3 showed lower RD and LWD than second rotation pine site PT4. It was also clear that trees from PT3 and PT4 were more or less still in the juvenile phase. The annual development of ring width and density was best explained by a linear mixed model with the explanatory variables: cambial age trend (spl(CA)), calendar year (Y), the interaction spl(CA)×Y and random interaction spl(CA)× F. It was clear that the spl(CA) explained the highest proportion of the variation (i.e. gamma estimate) in ring width and ring density over cambial ages; however, the error on the estimate was also high. On the other hand, the year main effect (Y) explained only a minor, but statistically significant proportion of variation (Table 4) .
The fitted cubic spline models of RW, RD, LWD and EWD for all families at a progeny trial PT2 are presented in Fig. 2 . For those traits, PT1 showed similar juvenile to mature transition patterns to PT2, while PT3 and PT4 had also similar pattern in the juvenile wood (not shown). When intercept and slope variances were modelled separately, the family by cambial age effect (spl(CA)×F) is apparent, while the data did not allow estimation of year by family (Y×F) interactions for the variables (i.e. all the estimates were at zero boundary). However, the modelled cubic splines were used to determine (i.e. visualise) the transition from corewood to outerwood. After the effect of cambial age was separated from the effect of calendar year, correlations of ring width and wood density with climate variables were examined. The correlations for PT1 and PT2 are given in Table 5 ; however, no correlations were statistically significant for PT3 and PT4, due to a lower number of degrees of freedom (i.e. df=23 for PT1 and PT2 and df=13 for PT3 and PT4). A positive correlation between rainfall and RW was observed (e.g. 0.38 and 0.41 in PT1 and PT2, respectively). Annual rainfall had a negative correlation with RD (e.g. −0.07 and −0.45 in PT1 and PT2, respectively). However, the PT2 site was much drier than other sites during growing season and summer, and at PT2, rainfall during growing season had positive relationship with RD and LWD. Correlations between temperature (annual, growing season and/or summer) and RW were inconsistent between the two sites, and correlations between temperature and RD appeared to be negative (i.e. between 0 and −0.40). Statistically significant correlations between LWD and rainfall were positive and with temperature negative (Table 5) . Correlations between ring width and density and climate in previous years (i.e. 1 year lag) were similar in sign, but less in magnitude (not shown).
In trials PT1 and PT2, for cambial ages greater than 15 years, the effect of cambial age was diminished (Fig. 2) . Under the assumption that cambial age has no effect, it was possible to isolate the random effect of year (Y) in a repeated measures analyses of variance (Table 6 ).
For ring width and density at cambial ages greater than 15 years, a significant year by family interaction (Y×F) was found (Table 6 and Fig. 3) .
Evidence was found that certain climate features in particular years are responsible for the Y×F interactions. For example, at PT2 site, the unusually high summer rainfall in 1987 and 1988 strongly affected the sum of rank changes for RD and RW, i.e. caused strong Y×F interactions. At PT1 site, the summer rainfall in 1986 was 310 mm which was almost twice the average summer rainfall from 1972 to 1997 of 156 mm. At the same time, the average of family rank changes (i.e. absolute value ignoring the sign) for RD in 1987 was 5.2, while the average from 1988 to 1997 was 3.0. The difference in rank changes was statistically significant at p=0.05 level of significance (Table 7) .
Overall, at PT1 site in Gippsland, Victoria, there was a significantly higher number of changes in absolute family ranks than at PT2 site in Green Triangle, South Australia (e.g. 7.5 vs. 2.5 for RW). PT1 had also a much higher Table 5 Correlations between current year effects on ring width, latewood, earlywood and average density and climate variables for PT1 and PT2, between 1974 and 1997 R_A (mm) R_GS ( No correlations for PT3 and PT4 were statistically significant due to lower degrees of freedom (df=13) RW ring width, LW latewood density, EWD earlywood density, RD ring density, ns not significant Y year, F family, Y×F year by family interaction, AR1 first-order autocorrelation, RW ring width, RD ring density, LWD latewood density, EWD earlywood density coefficient of variation for average summer rainfall than PT2 (i.e. 40 % vs. 20 %). Among families, some were more interactive than others, and the maximum absolute rank changes over years for RW ranged between 7 and 20 at PT1 and between 0 and 14 at PT2. The family with 0 rank changes for RW at PT2 was consistently lowest ranked (Fig. 3) . Rank changes and the interactions were generally more pronounced for RW than for RD.
Discussion
Cambial age interacted with family effects
The effect of cambial age on tree ring properties is not well understood because the effect interacts with factors such as silvicultural management, geographic location and/or site (e.g. Guller et al. 2012) . In previous studies in Australia, significant differences were found among families in ring width and ring area-weighted wood density (Li and Wu 2005; Gapare et al. 2006 Gapare et al. , 2012 . In this study, using the same data sets, for the profiles of RW, RD, LWD and EWD, cambial age (i.e. ontogeny) explained the highest proportion of the ring-to-ring variation. Furthermore, family by cambial age (i.e. cubic spline parameters) explained a smaller, but significant, proportion of the variation. Significant genotype by cambial age and site by cambial age interaction for ring density profiles was found in other conifers (e.g. Ivković and Rozenberg 2004) .
Climate affected growth and wood characteristics
In radiata pine in Australia, and conifers more generally, rainfall is positively correlated with growth (e.g. Fritts et al. 1999; Battaglia et al. 2009 ), but fast growth often negatively correlates with wood density (e.g. Ivković et al. 2009 ). However, two progeny trial sites described here differ in climate: PT2 has Mediterranean, while PT1 temperate type of climate. The PT2 site had a significantly lower rainfall, especially during growing season and summer. Unlike PT1, PT2 had positive correlation of RD and LWD with rainfall during growing season and summer. On the other hand, correlations between temperature during growing season and RD appeared to be generally negative, but not significant. Conversely, in boreal climate, for example, the correlations of summer mean temperature and degree days with RD can be positive and significant (Peltola et al. 2009 ). RD 1987 RD 1988 RD 1989 RD 1990 RD 1991 RD 1992 RD 1993 RD 1994 RD 1995 RD 1996 RD 1997 Calendar Year Fig. 3 Predicted values of ring width (RW) and relative ring density (RD) over years for 33 half-sib families at PT2, for cambial ages greater than 15 years For growth rings older than 15 years, the effect of cambial age diminished, and the effect of year could be examined independently from cambial age effects. A significant year by family interaction was found. There was strong evidence that certain climate features (e.g. summer rainfall) in particular years were responsible for year by family interactions at the PT2 site in South Australia. At the same time, the progeny trial PT1 in Victoria had higher family by year interactions and also more variation for average summer rainfall then the PT2 site. Such climate features can be used together with climate change scenarios to predict how different genotypes may respond to climate change (e.g. Rozenberg et al. 2004 ).
Implications for genetic selection
This research study had a limited scope and provided only preliminary answers to the question of genotype by year interactions. However, by further studies of the patterns of variation in wood properties, we will gain insight into causeand-effect relationships between climate and wood variability (e.g. Downes and Drew 2008) . Significant progress has already been made in use of ring-to-ring and within ring data to evaluate the effects of climate change, such as hotter summers, drier winters and/or higher CO 2 on tree growth and mortality Dalla-Salda et al. 2009; Booth et al. 2010) . Radiata pine in Australia originates from two provenances on Californian mainland, which are both characterised by a Mediterranean-type, winter-rainfall climate (for details see Gapare et al. 2012) . It is also unlikely that there was much local adaptation since the species' introduction. Nevertheless, differential response to climate (i.e. plasticity) was observed between genotypes. Exploring how different genotypes react to climate may prove useful in the future. For example, a genotype that does not respond favourably to drought periods may be eliminated from the breeding programme. On the other hand, if certain genotypes (individual parents, families or clones) perform better under certain climatic conditions that are expected to prevail in the future, they can be deployed or infused in the breeding population.
